Abstract: Aluminum dross results from the re-melting of used aluminum cans, and is a valuable resource containing alumina. In general, aluminum dross contains oxides of Al, Ca, Fe, Mg, Si and Ti and some salts. As a continuation of the previous work to recover pure alumina from the dross, the effect of employing ultrasound wave in the NaOH solution was investigated to improve the leaching percentage of alumina from the mechanically activated dross. The use of ultrasound improved the leaching percentage of alumina from 35% to 60% and resulted in a leaching solution where the purity of aluminate ion was 99%. Among the optimum conditions (5 M NaOH, 50 o C, 4 h, pulp density of 100 g/L and ultrasonic power 100 W), leaching time had a remarkable effect on the dissolution of alumina in the presence of ultrasound. The combined effect of ultrasound and the addition of CaCl 2 and organic acids to the NaOH solution was also investigated. Roasting of the black dross with CaCl 2 followed by ultrasound leaching did not improve the leaching percentage of alumina. The presence of organic acids in the NaOH solution increased the leaching percentage of alumina as well as silica, and thus was not favorable for recovering pure aluminate solution from the black dross.
INTRODUCTION
Aluminum dross is produced by the treatment of secondary resources containing Al metal. This dross consists of a mixture of free Al metal and nonmetallic substances such as aluminum oxide, nitride, carbide, salts, metal oxides, and other elements [1] . The small amount of Al metal present in dross is recovered from the dross, and the residue after this treatment is called black dross. However, some Al metal and several metal oxides are still present in black dross.
Therefore, the recovery of valuable components in black dross is important and necessary.
In the hydrometallurgical process, alumina and other oxides are dissolved from the black dross by employing either acid or alkaline solutions [2] [3] [4] . Alkaline leaching offers the selective leaching of alumina over other oxides from black dross, but the leaching percentage of alumina is generally low [4, 5] . In order to improve the leaching percentage of alumina without affecting the purity in the leaching solution, the choice of chemicals and the selection of effective methods are key to developing a new process.
In recent years, the use of ultrasound has become more common in metallurgy as an auxiliary means during the ore leaching process. Ultrasound consists of a series of longitudinal waves with differences in density that spread through the medium [7] . Irradiating ultrasonic energy in solution causes bubble formation and subsequent violent collapse, in a process known as ''acoustic cavitation" [8] .
This may cause direct erosion on the surface of the particle, and the de-aggregation of particles, which can hinder agglomeration [9] . The use of ultrasonic energy has a number of benefits, including optical, electrical, mechanical, thermal, chemical and biological effects [10, 11] .
Many researchers have employed ultrasound in the heavy metal leaching process to increase the extraction of metals [12, 13] . The application of ultrasonic energy in hydrometallurgy has primarily concentrated on the treatment of heavy metals and precious metals, but little research has been performed on alumina production. In particular, no work has been reported on the selective dissolution of alumina from black dross employing ultrasound.
Since alumina is amphoteric, alumina can be dissolved in either acidic or alkaline solutions. In general, the leaching percentages of alumina and silica from black dross in NaOH solution are 80% and 68%, respectively [14] . This makes it necessary to remove a large amount of dissolved silica from the leaching solution to obtain a pure Al(III) solution.
Mechanical activation of black dross by ball milling followed by NaOH leaching leads to a leaching solution of Al(III) with 98% purity [15] . However, the leaching percentage of alumina was around 35% [15] , and thus further work is needed to improve the leaching of alumina from the mechanically activated dross.
The use of auxiliary energies is one way of increasing the leaching efficiency, by boosting transport phenomena.
Ultrasound has proven to be a very effective tool for enhancing reaction rates by inducing a number of chemical and mechanical effects in the reaction medium [16] . It can improve the traditional leaching process and become a costefficient method for heavy metal recovery.
In this study, the effect of ultrasound on the alkaline leaching of alumina from mechanically activated black dross was investigated by varying leaching temperature and time and stirring speed. The combined effect of ultrasound, and the addition of different chemicals (CaCl 2 and organic acids) to the NaOH solution, on the leaching of alumina and silica was also investigated.
EXPERIMENTAL

Materials
The salts present in black dross were dissolved in water at 90 o C [14] . After drying the residues in an oven, the dried residues with an average particle size <150 µm were The chemical composition of the black dross after water leaching was determined using X-ray fluorescence spectrophotometry (XRF, Hitachi, Tokyo, Japan). Point analyses were taken with the XRF operated at 15 kV. Table   1 shows the chemical composition of the black dross after water leaching. The structure of the raw black dross, the residues after water leaching and the ball-mill-treated black 
NaOH leaching
The leaching experiments with the mechanically activated dross were carried out in a 500 mL three-neck round bottom 
RESULTS AND DISCUSSION
The optimum conditions for the selective dissolution of alumina from the mechanically activated dross were obtained from a previous work: 5 M NaOH, 50 o C, 2 h, pulp density of 100 g/L [15] . At this leaching condition, the purity of Al(III) in the leaching solution was higher than 98% but the leaching percentage of alumina was only around 35% [15] .
No Ca, Fe, Mg and Ti oxides were dissolved, except for alumina and silica, at every NaOH concentration studied.
Therefore, to find the optimum conditions to improve the leaching of alumina from the mechanically activated dross, the effect of ultrasound was investigated. The dross which had been mechanically activated at 400 rpm for 1h was employed for all experiments in this work.
Effect of temperature
In order to investigate the effect of temperature on the dissolution of metal oxides in the presence of ultrasound, the mechanically activated dross was leached at varying temperatures from 30 to 100 o C for 2 h. In these experiments, the concentration of NaOH and pulp density were the same as the optimum conditions obtained from the previous work:
5 M NaOH and the pulp density of 100 g/L [15] . In these experiments, the ultrasound power was fixed at 100 W.
The effect of temperature on the leaching of the oxides with ultrasound of 100 W is illustrated in Fig. 2 
the surface, which produces the formation of surface defects and deformations, and thus increases the surface area of friable solid [17] [18] [19] . Accordingly, the impact of ultrasound may accelerate the leaching of components which have higher solubility, and thus result in an increase in leaching efficiency for the metal. At the same time, ultrasonic waves may also enhance the settling of metal colloid particles with lower solubility and thus reduce their leaching efficiency [20] .
The SEM images reveal the differences in the microstructure of the leaching residues of the mechanically activated dross in the presence and absence of ultrasonic treatment under the optimum conditions. Comparing Fig. (3a) and (3b), the particle size produced by ultrasonic treatment was finer than that produced by regular treatment. These particles became smaller and looser with the ultrasonic leaching. These phenomena confirm that the ultrasonic energy can shatter solid particles and hinder the growth of solid grains, which is beneficial for the solidliquid reaction, and thus promotes the leaching of the components [10] .
Effect of leaching time
In order to investigate the effect of leaching time, experiments were conducted with varying times from 2 h to10 h. The mechanically activated dross was leached using 5 M NaOH solution at a pulp density of 100 g/L at 50 o C.
Within our experimental range, the leaching percentage of alumina was about 60%, while that of other oxides was nearly zero at any leaching time (see Fig. 4 ).
The cavitation effect of ultrasound was significant within 
Effect of stirring speed
Stirring of the leaching systems facilitates the intimate mixing of black dross and reagents as well as mass transfer.
In the absence of stirring, the turbulence caused by ultrasound is not enough to make the leaching reaction proceed [23] . Therefore, the effect of stirring speed in the presence of ultrasound was investigated in this work. [24] . The combined effect of high temperature and salt addition was investigated [25] . Unlike alumina, CaO does not dissolve in strong alkaline solution. Therefore, the addition of CaCl 2 as a calcium ion source was tried. These samples were used for ultrasound-assisted leaching in a 5 M NaOH at 50 o C for 2 hours, ultrasonic power of 100 W. However, the results showed that the presence of Ca(II) can lead to the precipitation of dissolved alumina and silica in the NaOH solution [26] . As the weight ratio of CaCl 2 to black dross increased, the leaching percentage of silica decreased, and no silica was dissolved when the weight ratio was higher than 1.5 (see Fig. 7 ). The leaching percentage of alumina decreased rapidly when the weight ratio of CaCl 2 to black dross was increased. No oxides of Ca, Fe, Mg, and Ti were dissolved in these experiments.
The predominant species of dissolved alumina and silica in 5 M NaOH solution were and , respectively [27] . In the presence of calcium ions, the silicate and aluminate can form precipitates with the calcium ions, and the reactions are represented as Eqs. (5) and (6) [27]
Moreover, the reaction product of Eq. (6) can further react with silicate ions through Eq. (7) on the surface of the precipitates, to form a hydrated Ca-Al-Si-O compound [28] . (7) where x depends on the experimental conditions. 2Al OH ( ) 대한금속 · 재료학회지 제57권 제3호 (2019년 3월) of some organic reducing agents are shown in Table 3 .
Clearly, organic reducing agents increased the solubility of aluminum in an alkaline solution [31] .
The addition of a carboxylic acid to the solution causes competition between ligands for coordination sites on the metal ions [32] . This creates competition between OH and other ligand groups with metal ions. From the structural configurations of these acids (scheme 1), deprotonation in the hydroxyl groups of organic acids can occur. Alumina atoms can form coordination bonds between these deprotonated groups and the free electron pair of the oxygen atom on the CO double bond. The relative positions of hydroxide and carboxylate in the 5-or 6-bong ring structure with Al(III) might enhance the dissolution of alumina in an NaOH solution containing organic acid (see scheme 2) [33, 34] .
Thus, the enhancement of the complexation of the dissolved metal ion with the organic ligands and hydroxide ion may be responsible for the increased leaching efficiency of alumina and silica in NaOH solution.
Although the leaching percentage of alumina increased, some of the silica was also leached. Therefore, the addition of organic reducing agents is not recommended for the dissolution of alumina in terms of the purity of Al(III) in the leaching solution.
CONCLUSIONS
To recover the alumina present in black dross in a previous work, leaching of the mechanically activated black dross in The use of ultrasound waves increased the leaching percentage of alumina to 60% and the purity of aluminum to higher than 99%. Therefore, ultrasound waves were confirmed to have a favorable effect on the separation of alumina from silica during leaching in NaOH solution.
The effect of the combination of ultrasound and the addition of CaCl 2 and organic acids to the NaOH solution on the separation of alumina from silica by was also investigated. The addition of organic reducing agents to the NaOH solution resulted in an increase in the leaching percentage of alumina and silica, and thus was not favorable to obtaining a pure aluminum solution from the black dross.
Although a pure Al(III) solution was obtained from the black dross by roasting the black dross with CaCl 2 followed by NaOH leaching in the presence of ultrasonic waves, it did not improve the leaching percentage of alumina. 
